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Fluidization of non-spherical particles commonly exists in the biomass utilization 
and municipal solid waste (MSW) processing industries. In this study, cylindrical 
particles are used as a typical type of non-spherical particle and its orientation 
distribution is investigated when being co-fluidized with small spherical bed material. 
X-ray particle tracking velocimetry (XPTV), based on an X-ray stereography imaging 
system, is used to measure the 3D orientation of a single tracer particle over a long 
time period in the fluidized bed. The effects of gas velocity (uf), cylindrical particle 
mass fraction (ω), particle sphericity (Φ), and bed material size on the orientation 
distribution of the cylindrical particle are investigated and discussed in detail. An 
orientation distribution probability density function (PDF) model is proposed based 
on all experimental results. 
The distribution probability P of the angle between the cylindrical particle central 
axis and vertical direction λ across the bed shows two minima in the ranges 0˚≤ λ <10˚ 
and 40˚≤ λ <50˚, and two maxima in the ranges 20˚≤ λ <30˚ and 70˚≤ λ <80˚. 
Increasing uf reduces λ, while the effect of particle sphericity Φ and cylindrical 
particle mass fraction ω increases with increasing uf. 
Keywords 




Fluidization of non-spherical particles has drawn great attention because it is a 
common phenomenon in the thermo-chemical disposal of municipal solid waste 
(MSW) and biomass in fluidized beds, such as combustion, pyrolysis, and gasification. 
Different from spherical particles, the hydrodynamic characteristic of non-spherical 
particles is anisotropic, which makes the drag force vary significantly with the 
changing particle orientation (Haider and Levenspiel, 1989; Ren et al., 2011; 
Tran-Cong et al., 2004). The drag force variation changes the motion of the 
non-spherical particle and affects its overall particle trajectory, resulting in different 
mixing-segregation conditions and fluidization regimes (Zhang et al., 2013); hence, 
investigating non-spherical particle orientation in a fluidized bed is important. The 
shape and size of non-spherical particles varies considerably, making them hard to 
fluidized and requires the addition of inert bed material like silica sand to assist the 
fluidization. The torque exerted by the bed material also relies on the orientation of 
any non-spherical particles, which makes the process even more complicated (Chen et 
al., 2017). Besides, the control of particle orientation distribution is very important in 
some industrial fields, like non-spherical particle coating in fluidized bed in 
agriculture and pharmaceuticals industry. Because the orientation distribution of 
particle is critical for the homogeneous coating. This study can improve the coating 
equipment design and operation with uniform particle orientation distribution. 
Research on the orientation of non-spherical particles in a fluidized bed have 
been completed using theoretical analysis, experimental measurements, and numerical 
simulations. Theoretical analysis includes things like slender-body theory (Batchelor, 
1970) and Jeffery's orbits theory (Jeffery, 1922), both of which inspired researchers to 
perform their own analysis. Vincenzi (Vincenzi, 2013) studied the hydrodynamic 
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characteristics of non-spherical rigid particles immersed in an axisymmetric random 
flow. The stationary probability density function of the non-spherical particle 
orientation was obtained based on Jeffery's orbits theory (Jeffery, 1922). Similar 
investigations were also carried out by Adamczyk and Van De Ven (Adamczyk and 
Van De Ven, 1983), Feng and Kleinstreuer (Feng and Kleinstreuer, 2013), and 
Maleki-Ardebili (Maleki-Ardebili, 1995). However, these studies were usually 
conducted with one non-spherical particle in a simplified single-phase flow like 
Stokes flow.  
The utilization of theoretical analyses in dense gas-solid flow like a fluidized bed 
is a challenging problem; therefore, much of the available research has been carried 
out using experimental and numerical methods. Zhang et al. (Zhang et al., 2013) 
performed experimental research on the rotation of cylindrical particles in a 
spout-fluid bed using visual observations. Results showed that increasing the spouting 
gas velocity us promoted the horizontal orientation of the cylindrical particles. 
However, in a study of cylindrical particle orientation in a fluidized bed carried out by 
Buist et al. (Buist et al., 2017; Buist et al., 2014) using magnetic particle tracking 
(MPT), increasing the fluidization gas velocity uf encouraged the vertical orientation 
of the cylindrical particle. Vollmari et al. (Vollmari et al., 2016) carried out a similar 
study with spherical, cylindrical, cubic, and pellet particles in a fluidized bed using 
image analysis. They found that the orientation of the cylindrical particles was more 
sensitive to uf when the length-to-diameter ratio was larger. Cai et al. (Cai et al., 2012) 
studied the orientation of cylindrical particles in the riser of a circulating fluidized bed. 
They found the orientation of the cylindrical particles was sensitive to particle shape 
and position, as well as superficial gas velocity.  
Using CFD-DEM, Nan et al. (Nan et al., 2016) performed numerical simulations 
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on the effect of cylindrical particle orientation in a fluidized bed. Results showed that 
the cylindrical particle orientation in a fluidized bed was closely related to the bubble 
development. When the superficial gas velocity was relatively low, the cylindrical 
particles tended to preferentially orient in the horizontal position. Increasing the 
superficial gas velocity produced a more uniform horizontal cylindrical particle 
orientation. Similar investigations were also performed by Ren et al. (Ren et al., 2012), 
Cai et al. (Cai et al., 2016), and Vollmari et al. (Vollmari et al., 2016). Among the 
above mentioned studies, most of the experimental investigations were performed in 
the fluidized bed near-wall region or in a pseudo 2D fluidized bed because it was too 
difficult to identify the particle orientation through the opaque interior region of the 
bed, which may have skewed in the experimental results. The numerical simulation 
study conducted by Oschmann et al. (Oschmann et al., 2014) indicated that the 
cylindrical particles in the near-wall region were prone to be vertically parallel with 
the wall, which implied the particle orientation data from near-wall visual observation 
do not reflect the orientation characteristics of the interior region.  
The CFD-DEM method can provide detailed particle orientation information and 
is widely used to investigate non-spherical particle orientation. However, the 
CFD-DEM method requires a high computational cost and is extremely 
time-consuming. Additionally, the number of non-spherical particles that can be 
simulated is limited (due to the computational cost), making it unsuitable for large 
scale simulations (Zhong et al., 2016). Finally, numerically modeling non-spherical 
particles (Cundall and Strack, 1979; Ren et al., 2012; Seelen et al., 2018) and the 
coupling between non-spherical particles and the continuous fluid region (Zhao, 2017) 
are both difficult problems that require simplifying assumptions, which may lead to 
erroneous results even if the computations are coupled correctly. 
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X-ray based gas-solid flow measurement methods are more promising compared 
to conventional visible light based methods because X-rays can easily penetrate the 
dense fluidized bed (Chen et al., 2019; Heindel, 2011). In this study, cylindrical 
particles are treated as a typical non-spherical particle and co-fluidized with smaller 
spherical bed material. One of the cylindrical particles in the fluidized bed is tagged 
with a small metal rod so it can be easily identified within two mutually perpendicular 
X-ray projections. Then, the 3D position and orientation of the tagged tracer particle 
is reconstructed using the X-ray stereographic imaging system reported by Heindel et 
al. (Heindel et al., 2008; Kingston et al., 2014). Effects of operating conditions (e.g., 
superficial gas velocity (uf), particle sphericity (Φ), particle mass fraction (ω), and 
bed material particle size) on the 3D orientation are reported and a model describing 
the orientation distribution of the cylindrical particles is proposed. 
2. Experimental Procedures 
2.1 Experimental setup 
 The experimental setup is schematically shown in Figure 1. The experimental 
setup consists of the fluidized bed and an air control system. The fluidized bed is a 
transparent cylindrical column made of Plexiglas. The internal diameter D and total 
height H are 100 mm and 900 mm. Compressed air used in the experiments comes 
from the laboratory air supply system and is regulated by the air control system. More 
details about the fluidized bed system are available in Chen et al (Chen et al., 2019) 
and Escudero and Heindel (Escudero and Heindel, 2011). 
 The XFloViz facility at Iowa State University is used to perform the 3D particle 
orientation measurements. Figure 1 also depicts the X-ray stereography system, which 
consists of two identical X-ray source/detector pairs. X-ray radiographic projections 
from two perpendicular directions can be obtained simultaneously by the system with 
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a frame rate of 18.2 frames per second (FPS). More details about the system can be 
found in (Chen et al., 2019; Heindel et al., 2008; Kingston et al., 2014). 
2.2 Particle and bed material properties 
 In this work, two different kinds of cylindrical particles, CA and CB, are used as 
experimental particles. The particles are made of ABS plastic with the same volume 
equivalent diameter dv = 6 mm and density ρi ≈ 1050 kg/m
3
 but different sphericity Φ 
(Φ = 0.85 for CA and Φ = 0.69 for CB, respectively), which makes the shape factor 
univariate. The length l and diameter di of CA particle are 7.1 mm and 4.5 mm, while 
for CB particle l and di are 16.0 mm and 3.0 mm, providing a corresponding aspect 
ratio of l/di = 1.56 and 5.33, respectively. 
 Two different kinds of glass beads GB300-500 and GB800-1000 are used as the 
inert bed material in this work. The diameter range of GB300-500 and GB800-1000 
are dj = 300-500 μm and 800-1000 μm, respectively. The density of both materials is 
ρj ≈ 2500 kg/m
3
. The minimum fluidization velocity of a fluidized bed filled with a 
single component of GB300-500 is umf = 0.11 m/s, while for GB800-1000 it is umf = 
0.54 m/s. The umf of the two single component systems are used as the fluidization 
number reference in this study. More details about the particle properties are available 
in Chen et al (Chen et al., 2019) 
2.3 Measurement of particle orientation with stereo XPTV 
The basic principle of particle orientation measurement with stereo XPTV is to 
reconstruct the tracer particle pose from the profiles on two perpendicular X-ray 
projections. As shown in Figure 1, the fluidized bed is placed between the X-ray 
sources and the X-ray detectors. The cone shape X-ray beam of intensity I0 emitted by 
the X-ray sources is attenuated by the fluidized bed, thus its intensity becomes I after 
penetrating the fluidized bed and then being detected by the X-ray detectors. The 
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relation between I0 and I can be described by the Beer-Lambert law 














,                      (1) 
where M is the total number of different materials in the path that the X-ray beam 
travels, ρk is the density of each material k, μk is the X-ray attenuation coefficient of 
each material k, and lk is the total path length of the X-ray beam encompassing each 
material k. As the pixel intensity on the projected X-ray image is positively related 
with the detected X-ray intensity I, the tracer particle must be able to absorb more 
X-rays so that it can be identified on the projected image, therefore the tracer particle 
should be tagged with material with greater ρk and μk. On the other hand, the tracer 
particle should be representative of the normal cylindrical particles being studied, 
which means the hydrodynamic deviation, i.e. the shape and mass, between the tracer 
particle and the ordinary cylindrical particle should ideally be negligible.  
 In this paper, an ordinary cylindrical particle is randomly chosen and a small 
metal rod is inserted into the center of the particle to make the tracer particle. A 0.8 
mm diameter hole is first drilled along with its central axis, then a small metal rod of 
length 2.5 mm and diameter 1.0 mm is press-fit into the hole and moved to the center 
to maintain the center of gravity. The tracer particle can be clearly observed on each 
projected X-ray image as the metal rod has a greater ρk and μk. After the tracer particle 
is fabricated, the tracer particle mass is compared to the ordinary particles by 
stochastically sampling 100 cylindrical particles to measure the particle average mass. 
After the examination, the mass distribution range of CA and CB particles is 
0.117±0.014 g and 0.120±0.012 g, respectively. The masses of the CA and CB tracer 
particles are 0.126 g and 0.126 g, respectively. Both the two tracer particle masses are 
within the corresponding ordinary particle mass ranges, which means the orientation 
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distribution of tracer particle can be used to characterize the ordinary particles 
orientation distributions. When carrying out experiments, a single tracer particle is 
added with the ordinary particles being fluidized, and the orientation of the tracer 
particle is observed and recorded over a long time period with the stereo XPTV 
system.  
 Another problem of this method is to evaluate the overall particle orientation 
characteristics from only one tracer particle. Others have used the concept of 
ergodicity to solve the problem (Buist et al., 2017; Buist et al., 2014; Fotovat et al., 
2014). According to ergodicity, the time average orientation characteristics of a single 
tracer particle over a long time period can represent the population average of all 
cylindrical particles. In this study, 11,000 images are taken for each operating 
conditions (about 10 minutes of data collection time); hence, the concept of ergodicity 
is assumed to be valid. More details about the method validation are available in Chen 
et al (Chen et al., 2019) 
Figure 2 schematically represents how the cylindrical particle orientation was 
determined. The vector P(a, b, c) is the unit vector along with the cylindrical particle 
central axis. As P is a unit vector, the components of P satisfies the following the 
equation: 
1222  cba .                          (2) 






 .                          (3) 
Similarly, the angle between the projection of P on the YZ plane and Y-axis β satisfies 





 .                           (4) 
10 
 
Substituting equations (3) and (4) into equation (2) yields: 
   
2 22 2 2tan tan 1c c c 
 
   .                    (5) 








c .                   (6) 
Substituting equation (6) into equations (3) and (4), the X and Y components of P, 














b                     (8) 
The α and β are measured from the X-ray projections of the X and Y directions. 
When the X-ray images of the tracer particle become a horizontal line or a point, this 
indicates that the vector P(a, b, c) is parallel to the XY plane. This method is 
evaluated by measuring a fixed posed tracer particle in the fluidized bed; results 
indicate that the averaged relative error is ±2.5%. The determination of the tracer 
particle 3D position follows the procedures of Kingston et al. (Kingston et al., 2015) 
and Chen et al (Chen et al., 2019). 
3. Results and discussion 
Before being poured into the fluidized bed, the cylindrical particles and bed 
material are premixed in the desired mass fraction ω. Mixtures of different mass 
fractions ω, but with the same static bed height H0 (i.e., the same apparent volume) 
are used, and the mass of the cylindrical particles and bed material are determined 
according to non-spherical particle packing studies (Meng et al., 2012; Ouchiyama 
and Tanaka, 1980; Ouchiyama and Tanaka, 1981; Prior et al., 2013; Yu et al., 1993; 
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Yu et al., 1992) for different mixtures. Both types of the cylindrical particle, CA and 
CB, are co-fluidized with the two separate types of bed material (BG300-500 and 
BG800-1000), respectively, with particle mass fractions ω = 10%, 30% and 50% at 
static bed heights of H0 = 100 mm (H0/D = 1); thus, a total of 12 operating conditions 
are investigated. The range of the superficial gas velocity uf tested is 0-1.2 m/s. Many 
researchers have pointed out that for multi-component mixture fluidization, the 
fluidization characteristics (e.g., flow regime transition, bed pressure drop, and 
minimum fluidization velocity umf) are different, depending on if the velocity was 
increased or decreased, with the decreasing velocity method more accurate (Shao et 
al., 2013; Zhong et al., 2008). Therefore, all experiments in this research are carried 
out by first rapidly increasing the superficial gas velocity uf to 1.2 m/s, and then 
gradually decreasing it to 0 m/s during the experiments. 
3.1 Orientation distribution properties of a cylindrical particle  
 For spherical particles, the force exerted by the moving bed material or the gas 
flow does not vary with its orientation because of its isotropic hydrodynamic 
characteristics. However, for cylindrical particles, its contacting orientation with the 
moving bed bulk material or the gas flow affects the resulting force and torque 
because of its anisotropic hydrodynamic characteristics. Therefore, the variation of 
particle orientation distribution can also affect the flow regime transition.  
 As the facing area of the cylindrical particle to the upward moving flow is critical 
for particle motion, the angle λ between the center axis of cylindrical particle and the 
vertical direction is investigated (see Figure 2). Figure 3 and 4 depicts the λ 
distribution as a function of location for several operating conditions. The horizontal 
axis is the dimensionless radial coordinate r/R of the cylindrical particle center, and 
the vertical axis is the average orientation angle λ for all instances of the tagged 
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particle appearing in radial location r/R and height h. Different curves represent the 
different height ranges, as measured from the aeration plate, and H0 is the static bed 
height. From the figure it is obvious that the λ distribution is in the range of 30˚ to 70˚ 
for all conditions shown and for all locations.  
For CA particles in Figure 3a and 3b, no trends are apparent and the variation of λ 
with both r/R and h are negligible, which indicates that when particle sphericity Φ are 
relatively high and mass fraction ω are relatively low, the effects of particle position 
and gas velocity uf on the orientation distribution are weak.  
For CB particles in Figure 4a and 4b, when the cylindrical particle is in the dense 
phase zone (i.e. h < 1.2H0), λ in the bottom zone (0 < h < 0.4H0) is usually greater 
than that in the upper zone (0.4H0 < h < 1.2H0). According to previous studies 
(Fotovat et al., 2014; Soria-Verdugo et al., 2011), the cylindrical particles form an 
internal circulation route consisting of a downward moving path in the near wall 
region and an upward moving path in the central region. This phenomenon indicates 
that the cylindrical particle center axis rotates slightly and increases its angle to the 
gas flow direction when changing its movement direction from downward to upward 
at the bottom zone of the bed. When 0.4H0 < h < 1.2H0, λ is approximately 
independent of h, which indicates that λ becomes insensitive to h in this zone. The 
sub-figures in Figure 4a and 4b illustrate the λ variation with r/R in 0.4H0 < h < 1.2H0 
with reduced vertical scale. When ω = 10% in Figure 4a, λ in the region r/R < 0.5 is 
less than that in r/R > 0.5, which indicates that the cylindrical particle center axis 
decreases its angle to the gas flow direction when moving upward and increases its 
angle to the gas flow direction when moving downward. When ω = 30% in Figure 4b, 
λ in 0.8H0 < h < 1.2H0 still behaves the same way, but λ in 0.4H0 < h < 0.8H0 
increases dramatically comparing with that in 0.8H0 < h < 1.2H0 when r/R < 0.5. This 
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can be attributed to the increased influence of the bottom zone caused by the increase 
in ω. When the cylindrical particle is in the freeboard zone (h > 1.2H0), the angle 
distribution becomes random. This phenomenon can be attributed to two reasons: first, 
the cylindrical particle motion in this zone is mostly caused by the bed material 
agitation and/or bubble eruption. As this process is stochastic, the cylindrical particle 
orientation also becomes unpredictable. Second, the total number of observations in 
this region is much smaller than in the dense region (Chen et al., 2019); this may lead 
to a statistical bias in this zone. 
As the motion patterns of the cylindrical particles at different vertical levels differ 
during particle circulation, the λ distribution also varies dramatically with h, 
especially when Φ is low, which has been discussed in previous paragraphs. Thus, the 
averaged λ across the horizontal section can furthermore reveal the effect of particle 
circulation on λ. Figure 5 shows the relationship between the horizontal averaged 
particle angle λH and h. For CA particles in Figure 5a and 5b, when uf is relatively low 
(uf  = 1.5umf (0.16 m/s)), λH first decreases and then increases with the increase of h, 
which supports the particle rotation behavior mentioned above, even for higher Φ. 
However, when uf increases, the rotation is suppressed and λ becomes less sensitive to 
variations in h, which indicates the increase in uf can promote a uniform orientation 
distribution for cylindrical particles with higher sphericity Φ.  
For CB particles in Figure 5c and 5d, the variation of λH manifests the same trend 
with that of the CA particle with lower uf (uf  = 1.5umf (0.16 m/s)), but the inflection 
point is more evident and the trend remains the same regardless of the variation of uf. 
This phenomenon indicates that rotation in the bottom zone is more evident for the 
particles with lower sphericity Φ, which can be attributed to its greater anisotropic 
characteristics. Additionally, the effect of uf on λH becomes weak and the increase of 
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mass fraction ω enhances the non-uniform distribution of particle orientation. 
Figure 6 depicts the overall distribution of λ across the whole bed. The vertical 
axis is the probability P() that the particle will be in a given orientation in the bed. 
The horizontal axis is the λ range. The bars represent the probability P() of the 
corresponding λ range. For example, the height of bar between 0˚ and 10˚ means the 
probability P of λ in range [0˚,10˚) across the bed. From the figure we can find that 
P() is relatively low when 0˚ ≤ λ < 10˚ and 40˚ ≤ λ < 50˚ forming two valleys, while 
P() is relatively high when 20 ˚≤ λ < 30˚ and 70˚ ≤ λ < 80˚ forming two peaks. When 
the operating condition varies, the distribution of P() changes slightly but the 
profiles remain the same. 
Figure 6 also illustrates the effect of uf and sphericity Φ on the overall 
distribution of λ across the whole bed. Increasing uf increases P() in the range [0˚, 
40˚) and decreases P() in the range [40˚, 90˚] when other operating parameters are 
the same, which implies that increasing uf causes the cylindrical particle orientation to 
align more with the vertical direction. This phenomenon can also be observed in 
Figure 5, in which the λH curves of lower uf are almost always above those of higher 
uf, except when ω is higher and uf is too low (uf = 0.16 m/s). The effect of sphericity 
Φ is opposite to that of uf, which means the increase of sphericity Φ hinders the 
vertical orientation of the cylindrical particles. From a previous study (Chen et al., 
2019), the decrease of particle sphericity Φ and increase of uf enlarge the central 
region where cylindrical particles move upward.  
Figure 7 depicts the effect of cylindrical particle mass fraction ω on the overall 
distribution of λ. Compared to Figure 6, it is clear that the effect of ω is opposite to 
that of uf. P() in the range [0˚, 40˚) generally decreases with increasing ω, while P() 
in the range [40˚, 90˚] generally increases with increasing ω. This trend is even more 
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obvious for cylindrical particles with a lower sphericity Φ. This indicates that the 
increase of ω makes the cylindrical particles center axis increase its angle such that it 
has a higher probability to be found in a more horizontal orientation.  
Figure 8 shows the effect of bed material size on the overall distribution of λ. It is 
obvious that increasing the bed material size tends to promote the vertical orientation 
of the cylindrical particle. For the CA and CB particles, when the bed material size 
increase from 300-500 μm to 800-1000 μm, P() increases in the range [40˚, 90˚] and 
decreases in the range [0˚, 40˚).  
3.2 Orientation distribution model of cylindrical particles 
 An orientation distribution probability density function (PDF) model is proposed 
in this section. This model can be used in the gas-solid flow numerical simulation 
involving cylindrical particles to improve the accuracy of the drag force model. 
 The model takes the cylindrical particle mass fraction ω, the ratio between 
cylindrical particle volume equivalent diameter and bed material average diameter 
dv/dj, the cylindrical particle sphericity Φ, and the fluidization number uf/umf into 
account. The orientation distribution PDF model P(λ) is as follows: 
   
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.            (9) 
The numerator of P(λ) is in fact a combination of two Gaussian distribution models. 
P0 is a correction parameter to improve model performance in λ ranges with low P(λ) 
and is needed because Gaussian distributions range [-∞,+∞], while the actual outputs 
are finite and range [0,90]. In order to guarantee the total probability in the interval [0, 
90] equals 1, the combination is normalized by the cumulative value in the interval [0, 
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90]. After calculating the integral, the following equation is obtained: 
   
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         (10) 
The integration in the denominator is of the normal distribution which can easily be 
determined. Values P0, A1, A2, σ1, σ2, λ1 and λ2 are model parameters that are functions 
of particle geometry and bed operating conditions, and can be determined with the 
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.  (11) 
 In order to determine equation set (11), several types of fitting model were tested 
including linear, polynomial, and exponential models. The linear fitting model was 
finally used because it is easy to calculate and provides sufficient accuracy. The value 
of the model parameters in equation set (11) were determined using a genetic 
algorithm (GA). GA is a universal multi-objects optimization method for complex 
problems. Here GA was adopted to find the best model parameters that minimize the 
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difference between the experimental data and the model predications. More 
information about this method can be found in literature (Chen et al., 2014; Zhong et 
al., 2013).  
The probability in interval [a, b] can be determined by integrating equation (10) 
in [a, b] as follows: 
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 Figure 9 shows the performance of the model. The horizontal axis is the 
probability value from the experiments and the vertical axis is the corresponding 
model predictions. The figure shows that most of the data fall within the ±30% error 
bands. 
4. Conclusions 
An experimental investigation addressing the co-fluidization of cylindrical 
particles with bed material was carried out using a stereographic XPTV system. The 
three dimensional orientation of the cylindrical particle was determined and 
investigated. The effects of superficial gas velocity uf, cylindrical particle mass 
fraction ω, particle sphericity Φ, and bed material size on the cylindrical particle 
orientation angle λ distribution were discussed in detail. An orientation distribution 
probability density function (PDF) model was also proposed. 
When the cylindrical particle sphericity Φ is relatively high and the cylindrical 
particle mass fraction ω is relatively low, λ is insensitive to the particle position. 
When the cylindrical particle sphericity Φ is relatively low and the cylindrical particle 
mass fraction ω is relatively high, the distribution of λ differs depending on the 
particle being located in the dense phase zone or freeboard zone. At the bottom of the 
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dense phase zone (0 < h < 0.4H0), λ preferentially aligns in a more horizontal 
orientation. In the upper part of the dense phase zone (0.4H0 < h < 1.2H0), λ increases 
with the increase of r/R.. In the freeboard zone, the distribution of λ becomes random.  
For the overall λ distribution probability P() across the bed, P() was low when 
0˚ ≤ λ < 10˚ and 40˚ ≤ λ < 50˚ forming two valleys. P() was high when 20˚ ≤ λ < 30˚ 
and 70˚ ≤ λ < 80˚ forming two peaks. When the operating condition varies, P() 
slightly changes but the profile of the P remains the same. Increasing uf increased P() 
in the lower λ range, but decreased P() in the higher λ range. The effect of particle 
sphericity Φ and cylindrical particle mass fraction ω was opposite to that of uf. The 
decrease of bed material size causes the cylindrical particles to tend to be aligned in 
the vertical direction. 
The λ distribution probability P() was fit to the following model:  
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0.049 0.022 0.001 0.027 0.004
3.013 0.258 0.067 1.352 0.027
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Nomenclature 
a X component of the tracer particle orientation unit vector P 
A1, A2 Model parameters 
b Y component of the tracer particle orientation unit vector P 
c Z component of the tracer particle orientation unit vector P 
di Diameter of cylinder particle (mm) 
dj Average diameter of bed material particle (mm) 
dv Volume equivalent diameter of cylindrical particle (mm) 
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D Fluidized bed diameter (mm) 
h Particle height from the distributor (mm) 
H Fluidized bed height (mm) 
H0 Static bed height (mm) 
I X-ray energy after being attenuated by the fluidized bed  
I0 X-ray energy emitted by an X-ray source 
k Identifier for the k material 
l Length of cylindrical particle (mm) 
lk Path length of the X-ray beam through material k (mm) 
M Total number of materials in the path of the X-ray beam 
O Origin of the given coordinate system 
P Tracer particle orientation unit vector 
P0 Model parameter 
P1 The projection of the tracer particle on the imaging plane of X-ray 
detector 1 
P2 The projection of the tracer particle on the imaging plane of X-ray 
detector 2 
r Radial distance between the tracer particle center and the fluidized bed 
central axis (mm) 
R Radius of fluidized bed (mm) 
S1 Position where X-ray source 1 emits X-ray 
S2 Position where X-ray source 2 emits X-ray 
uf Superficial gas velocity (m/s) 
umf Minimum fluidization gas velocity (m/s) 




α The angle between the projection of P in the XZ plane and the X-axis (˚) 
β The angle between the projection of P in the YZ plane and the Y-axis (˚) 
λ The angle between the cylindrical particle central axis and the fluidized 
bed vertical direction (˚) 
λ1, λ2 Model parameters 
λH The horizontal averaged λ (˚) 
μk X-ray attenuation coefficient of material k 
ρi Cylindrical particle density (kg/m
3
) 
ρj Bed material particle density (kg/m
3
) 
ρk Density of material k (kg/m
3
) 
σ1, σ2 Model parameters 
Φ Cylindrical particle sphericity 
ω Cylindrical particle mass fraction 
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Figure 1. Schematic diagram of the fluidized bed experimental system and the 
stereo XPTV system: (1) fluidized bed, (2) X-ray detector 1, (3) X-ray 
detector 2, (4) tracer particle, (5) X-ray source 1, (6) X-ray source 2, (7) 
water tank, (8) mass flow rate control valve. 
Figure 2. Schematic diagram of the determination of the tracer particle orientation. 
Figure 3.  The average cylindrical particle orientation distribution in bed rings and 
heights for CA particles (Φ = 0.85) with (a)  = 10%, uf = 0.40 m/s 
(3.6umf) and (b) = 10%, uf = 0.65 m/s (5.9umf) 
Figure 4. The average cylindrical particle orientation distribution in bed rings and 
heights for CB particles (Φ = 0.69) (a) = 10%, uf = 0.65 m/s (5.9umf) 
and (b) = 30%, uf = 0.65 m/s (5.9umf). 
Figure 5.  The effect of superficial gas velocity uf on the cylindrical particle 
orientation distribution for CA particles (Φ = 0.85) (a)  = 10% and 
(b) = 30%, and CB particles (Φ = 0.69) (c) = 10% and (d) = 30%. 
Figure 6.  The overall cylindrical particle orientation distribution across the bed. 
Figure 7.  The effect of cylindrical particle mass fraction ω on the cylindrical 
particle orientation distribution of CA particles (Φ = 0.85) (a) and CB 
particles (Φ = 0.69) (b). 
Figure 8.  The effect of bed material size on the cylindrical particle orientation 
distribution of CA particles (Φ = 0.85) (a) and CB particles (Φ = 0.69) 
(b). 
Figure 9.  The comparsion between the experimental value and model prediction of 
P(λ).  
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